Abstract: This study describes the microstructure of a Zr-based alloy (Zr 63.36 Cu 17.22 Ni 11.47 Al 7.95 , at.%) under different cooling conditions. The Zr-based alloy can obtain completely amorphous structure, amorphous/nanocrystalline droplet and amorphous/crystalline composite structure by fast to slow cooling rate. It is interesting in the amorphous/nanocrystalline droplet composite that the average compositions of the droplet phase and amorphous matrix phase were same as the original alloy composition and the contrasts of BEI (back scatting image) were different. The droplet phase formed with (Al,Ni) 2 Zr 3 , and Zr 2 Ni(Al,Cu) nanocrystalline structures based on the analysis of XRD (X-ray diffractometry), EBSD (electron backscatter diffraction) and TEM (transmission electron microscopy). And Zr 2 Ni(Al,Cu) nanocrystalline phase transfers to the Zr 2 Cu(Al,Ni) phase after thermal treatment. The equilibrium phases of the alloy have been identified as Zr 2 Ni phase, Zr 2 Cu phase, Al 2 NiZr 6 phase and τ3 (Zr 51 Cu 28 Al 21 , at.%) phase which reach four phases equilibrium at 1,073 K for one week.
Introduction


To solve the problem of limited deformation in glassy metallic alloys, researchers have recently developed the concept of heterogeneous materials including a glassy matrix and various metastable phases [1, 2] . Investigating the possibility for the design of a new type of composite structure (i.e., amorphous/crystalline or amorphous/nanocrystalline composites instead of amorphous/amorphous composites) may be able to improve the ductility of BMG (bulk metallic glass). Cu-Zr-Al(Ti) composites have been reported to contain glassy matrix and droplet phase including metastable crystalline phases [3] [4] [5] [6] [7] [8] . The sizes of droplet phases are from nanometer to micrometer dimensions. These structural heterogeneities are beneficial for the enhancement of macroscopic deformability.
Due to the fact that Zr-based metallic glasses exhibit excellent GFA (glass forming ability), i.e., cooling rates of only about 1 K/s is required to suppress crystallization and to form a metallic glass [9] . In current study, we present a Zr-based alloy (Zr 63.36 Cu 17.22 Ni 11.47 Al 7.95 , at.%) and different composite structures can be formed under different cooling conditions. The relationships between amorphous, nanocrystalline structure and equilibrium structure are discussed.
Experimental Method
The Zr-based alloys were prepared by arc melting under an argon atmosphere. An amorphous/crystalline structure is obtained from the water-quenching method. The alloy samples were vacuum sealed in quartz tube and heated at 1,173 K became a liquid state, and then quenched into water. The medium cooling rate used the copper-mold casting method to obtain an amorphous/nanocrystalline droplet structure. The alloys were cooled directly on the copper-hearth with cooling water circulation inside the copper-hearth. Finally, the rapid cooling rate used the copper-mold suction-casting method to produce a fully amorphous
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The Microstructure of Zr-Based Bulk Metallic Glass and Glass Matrix Composite 136 structure. The alloys directly cast into cylindrical rods with a 5 mm diameter by suction casting that attached on the copper-hearth of arc-smelter.
In order to understand the relationship between nanocrystalline structure and equilibrium structure, we undergo heat treatment experiments. The alloy samples with amorphous/nanocrystalline droplet structure were annealed at 686 K between glass transition temperature and crystallization temperature. The phase transformation of nanocrystalline droplet was examined at 15 minutes, 45 minutes and 120 minutes heat treatment time. One of the samples was fully annealed at 1,073 K for one week in order to reach the stable equilibrium phases.
The glass transition temperature, T g , and the crystallization onset temperature, T x , were determined by DSC (differential scanning calorimetry, PerkinElmer DSC7) and thermos-gravimetry scanning calorimetry (STA, NETZSCH STA 409 PC) by using a constant heating rate of 0.33 K/s. Structural characterization was performed by XRD (X-ray diffractometry, Bruker D8) with Co Kα radiation, EBSD (electron backscatter diffraction), and an HRTEM (high-resolution transmission electron microscopy, FEI E.O Tecnai F20 G2 MAT S-TWIN). The phase composition was examined by using an EPMA (electron probe micro-analyzer, JEOL JXA-8900R). The hardness was measured by a micro Vickers testing machine (SHIMADZU Micro-hardness Tester) with 100 grams load and 15 seconds holding time. Fig. 1 shows the alloy microstructure by using the water-quenching method. There are black hexagonal precipitates and dark droplet phase embedded in a bright matrix. The dark droplets have the size around 10~100 um diameter and droplets occasionally appear close to each other. [10, 11] proposed that the τ3 crystalline phase causes embrittlement of the Zr-based bulk amorphous alloys. Thus, it is important to eliminate τ3 phase from the molten Zr-based alloy before casting. The other higher cooling rate samples did not form the τ3 crystalline phase. Fig. 2 shows the alloy microstructure that cooled on the copper-hearth inside the arc-smelter. The average compositions of the droplet phase and the matrix phase are same as the original alloy composition within the experimental error of EPMA composition measurement. This phenomenon is similar to the previous studies [6-8]. Hirotsu et al. [12] propose that there is no clear compositional variation throughout the specimen which means that the atomic composition distribution is almost the same as that in the liquid state, and no local primary phase nucleation and growth was occurring during quenching. Therefore, we speculate that droplet exists in nanocrystalline different which is The alloy microstructure by using the water-quenching method. 
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